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SirtuinsAlthough the beneﬁcial responses induced in the central nervous system by early-initiated exercise have been
broadly investigated, the effects of a chronic and moderate lately-initiated exercise on biochemical hallmarks
of very early brain senescence have not been extensively studied. We previously reported that a midlife-
initiated regimen of moderate running was able not only to prevent the age-related decay of antioxidative and
detoxiﬁcation functions inmouse brain cortex, but also to preserveneurotrophic support andmolecular integrity.
On this basis, this work investigated whether and how a 2-mo or 4-mo midlife-initiated running protocol could
affect the activity of those systems involved inmaintaining neuronal function and in preventing the onset of neu-
rodegeneration within the brain cortex of middle-aged CD-1 mice. In particular, we analyzed the production of
the peptide amyloid-β and the expression of synapsin Ia, which is known to play a key role in neurotransmission
and synaptic plasticity. In addition, we studied the expression of sirtuin 3, as a proteinmarker of neuroprotection
against age-dependent mitochondrial dysfunction, as well as the pro-death pathway induced by proBDNF
through the interaction with p75NTR and the co-receptor sortilin.
The midlife-initiated 4-mo running program triggered multiple responses within the mouse brain cortex,
through the activation of anti-amyloidogenic, pro-survival, synaptogenic and neuroprotective pathways. Howev-
er, most of the beneﬁcial actions of the exercise regimen appeared only after 4 months, since 2-mo-exercised
mice showedmarked impairments of the endpoints we considered. This could imply that a midlife-initiated reg-
imen ofmoderate treadmill runningmay require an adequate time lag to activate beneﬁcial compensativemech-
anisms within the mouse brain cortex.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Ahealthy lifestyle improvesmental activity and lowers the risk of sever-
al diseases. In the central nervous system (CNS), neural repair and synaptic
plasticity can be enhanced through some non-pharmacological interven-
tions (Mattson, 2012). Human and animal studies have suggested that ex-
ercise promotes neuroplasticity and improves cognitive functions (Ahlskog
et al., 2011; Ferreira-Vieira et al., 2014; Gomez-Pinilla and Hillman, 2013).
Adaptive responses induced in the CNS by early-initiated exercise have
been broadly investigated, whereas the effects of regular and moderate
lately-initiated exercise on biochemical hallmarks of very early brain senes-
cence have not been extensively studied (see Camiletti-Moirón et al., 2013;. This is an open access article underRadak et al., 2008a). Some population-based studies have shown a re-
duced risk of dementia in the elderly undergoing physical activity in
the middle age (Andel et al., 2008; Geda et al., 2010), but most of the
molecular players involved in such beneﬁcial effects in the mammal
CNS are still unknown.
We have recently demonstrated that a long-term regimen of midlife-
initiatedmoderate running prevents the age-related decay of brain antiox-
idative and detoxiﬁcation functions, and preserves both neurotrophic sup-
port and molecular integrity (Falone et al., 2012a, 2012b), thus supporting
other ﬁndings about the positive effect of exercise on neuroprotection
(Leite et al., 2012) and antioxidant capacity (Cechetti et al., 2008, 2012).
In this work we investigated further the inﬂuence of middle age-
initiated exercise on molecular pathways which are particularly prone
to age-related decline. In particular, we studied whether and how a
long-term midlife-initiated enforced running protocol could affect the
activity of those systems involved in maintaining neuronal health andthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
58 S. Di Loreto et al. / Experimental Gerontology 57 (2014) 57–65in preventing the onset of neurodegeneration within CD-1mouse brain
cortices.
The peptide amyloid-β (Aβ) is implicated as a central factor in neu-
rodegenerative processes since Aβ accumulation leads to neuronal apo-
ptosis, synaptic loss and glial inﬂammation through the activation of
several membrane proteins, including the high-afﬁnity receptor for
the nerve growth factor (NGF) TrkA and the low-afﬁnity receptor
p75NTR (Bulbarelli et al., 2009; Matrone et al., 2009, 2011). The Aβ pre-
cursor protein (APP) and presenilin 1 (PS1) are known to be critically
involved in Aβ regulation and build up; in particular, PS1, as a part of
the gamma-secretase intramembrane protease complex, causes the
cleavage of APP at several points within a small region of the protein,
and this results in the production of amyloid peptide of various lengths
(Golde and Eckman, 2003). In addition, Hoe et al. (2009) suggested
a relevant role of APP in synaptic activity, and the synaptic loss is
known to be strictly associatedwith age-related neurocognitive impair-
ments (Terry et al., 1991).
Among the proteins that are found exclusively in neuronal presyn-
aptic terminals, synapsin Ia (Syn-Ia), which is known to play a key
role in neurotransmission and synaptic plasticity, is widely recognized
as a reliable marker of synaptogenesis and synaptic remodeling (Birch
et al., 2013; Cesca et al., 2010).
Aging retardation seems to be strictly dependent on the action of the
sirtuin family, which are NAD+-dependent deacetylases whose over-
expression has been shown to increase lifespan. Seven sirtuins (SIRT1-
7) have been identiﬁed in humans and, among these, SIRT3 has been
found to be exclusively mitochondrial (Finkel et al., 2009). Since neu-
rons are particularly prone to energy depletion and oxidative stress
(Du et al., 2003), SIRT3 has recently emerged as a potential neuropro-
tective determinant. Indeed, some authors have suggested that SIRT3
could promote healthy aging mainly by regulating the mitochondrial
redox status, thus counteracting the age-related oxidative damage
(Someya et al., 2010).
We previously demonstrated the involvement of the BDNF-related
pathway in the cerebral response of adult mice undergoing a long-
term exercise protocol (Falone et al., 2012a). However, BDNF is known
to induce neuronal apoptosis when acting as a pro-neurotrophin
(proBDNF) under pathological conditions and aging, through the ac-
tivation of p75NTR and the co-receptor sortilin (Perovic et al., 2013;
Volosin et al., 2006).
In view of the crucial roles that the parameters described abovemay
play in maintaining neuronal homeostasis and in preserving cerebral
function during aging, in this work we investigated the possible effects
of middle age-initiated exercise on the following end-points within the
CD-1 mice brain cortex: a) amyloidogenic pathway, b) NGF/proBDNF
signaling; and c) Syn-Ia and SIRT3 protein expression. The experimental
design involved non spontaneous exercise since some preeminent au-
thors have argued that forced exercise protocols are more similar to
human exercise practice and less likely dependent on genetic differ-
ences between good and poor runners (Radak et al., 2006).
Our ﬁndings have shown that four-month running is able to coun-
teract themain age-related impairing effects on the parameters consid-
ered within the mouse brain cortex, although such beneﬁcial actions
exhibit a peculiar time-dependent pattern.
2. Materials and methods
2.1. Chemicals and antibodies
Rabbit anti-NGF (cat. sc-548), monoclonal anti-proBDNF (cat. sc-
65513), rabbit anti-pSyn-Ia (cat. sc-135708) and rabbit anti-SIRT3
(cat. sc-99143) antibodies were supplied by Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Rabbit anti-TrkA phospho Y683 + Y684
(cat. ab79766), anti-p75NTR (cat. ab8875) and anti-β-actin (cat. ab8227)
antibodies were purchased from Abcam (Cambridge, UK). The anti-
rabbit peroxidase-conjugated secondary antibody (cat. PI-1000) wasprovided by Vector Laboratories, Inc. (Burlingame, CA, USA). Sigma
Aldrich (St. Louis, MO, USA) supplied the anti-mouse peroxidase-
conjugated secondary antibody (cat. A9044), the anti-amyloid pre-
cursor protein (C-terminal) (cat. A8717), the rabbit anti-presenilin
1 (cat. P7854) antibodies and all the chemicals, substrates and re-
agents which are not listed elsewhere. Acrylamide/bis acrylamide
(cat. 1610125), premixed Laemmli sample buffer (cat. 1610737), Ka-
leidoscope prestained standards (cat. 1610324) and Immuno-Blot
PVDF Sandwiches (cat. 1620239) were purchased from Bio-Rad Lab-
oratories (Hercules, CA, USA). Thermo Fisher Scientiﬁc (Rockford, IL,
USA) provided the metal-enhanced 3′,3-diaminobenzidine (DAB)
substrate kit (cat. 34065) and the bicinchoninic acid (BCA) protein
assay kit (cat. 23225). The Human/Rat β-amyloid (42) ELISA kit
was purchased from Wako Pure Chemical Industries, Ltd (Osaka,
Japan; cat. 290-62601).
2.2. Animals and running protocol
In this study, 9-mo old CD-1 female mice (45–50 g; N = 48; Harlan
Laboratories, Inc., Frederick, MD, USA) were acclimatized for 10 days in
the laboratories of the Excellence Research Centre on Aging of the Uni-
versity Foundation “G. d'Annunzio” of Chieti (Italy) to the housing con-
ditions (22 ± 2 °C, 12–12 h light–dark cycle, with lights on from 8 a.m.
to 8 p.m., free access to water and food, 6 animals per cage). The famil-
iarization and running protocols used in this researchwere already used
in previousworks (Falone et al., 2012a, 2012b). This exercisewas recog-
nized as moderate based on the intensity at 65% to 70% of the maximal
oxygen uptake (Fernando et al., 1993). Brieﬂy, the animals were famil-
iarized to the Exer 3/6 motorized low-noise treadmill (Columbus
Instruments, Columbus, OH, USA) for 2 weeks (9 m/min for 10 min,
5 days/week). Mice were randomly assigned to four groups (12 mice
each): mice undergoing a treadmill-based running program for 2 or
4 months (E2 and E4, respectively), and mice undergoing a sedentary
regimen for 2 or 4 months (S2 and S4, respectively) (Fig. 1). Exercised
groups underwent the training program (warm-up at 5 m/min for
3 min, running at 13 m/min for 20 min, cool-down at 5 m/min for
3 min, zero inclination, 5 days/week), starting from 10 min/day and
reaching the ﬁnal work load by incrementing 1 min every day. Mice
weremotivated to run by gentle hand prodding, without electric shocks
in order tominimize the stress. Micewere observed while exercising to
ensure continuous running and tomonitor signs of undue stress. Seden-
tary groups were exposed to the same environmental conditions (han-
dling, treadmill motor noise, vibration and deprivation of food and
water) while exercising subjects were performing the running sessions.
Food consumption and animal weight were daily monitored through-
out the experiment. 24 h after the last training session, mice were
rapidly sacriﬁced by decapitation and brain cortices were surgically re-
moved and stored at−80 °Cuntil further analyses. Every possible effort
was made in order to minimize both the number and the suffering of
used animals, according to the principles of the Declaration of Helsinki
and to the European Community Council (86/609/CEE).
2.3. Western immunoblotting
Brain corticeswere homogenized and sonicated (cycle 0.5—amplitude
50%) in 5 vol of RIPA buffer containing 1% protease inhibitor cocktail and
2% phosphatase inhibitor cocktails I and II. Extracts were centrifuged at
15,000 ×g for 30 min at 4 °C and total protein content was assessed by
using the bicinchoninic acid (BCA) method, with bovine serum albumin
(BSA) as the standard (Smith et al., 1985). Twenty-ﬁvemicrograms of de-
natured proteins from each samplewere run on polyacrylamide denatur-
ing gels (12–15%) and bands were transferred onto methanol-activated
polyvinylidene ﬂuoride (PVDF) sheets by wet electrophoretic trans-
fer (Laemmli, 1970; Towbin et al., 1979). Non-speciﬁc binding sites
were blocked with 5% (w/v) BSA in Tris-buffered saline containing
0.05% (v/v) Tween 20 (TBS–T) for 1 h.Membraneswere then incubated
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Fig. 1. Experimental design.
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the following dilutions: anti-proBDNF (1:100), anti-NGF (1:200), anti-
pTrkA (1:400), anti-PS1 (1:10,000), anti-APP (1:4000), anti-pSyn-Ia
(1:100), anti-β-actin (1:1000), anti-p75NTR (1:1000), and anti-SIRT3
(1:150). PVDF sheets were washed 3 times with TBS-T (5 min each)
and incubated with TBS-T containing the appropriate horseradish
peroxidase-conjugated secondary antibody (dil. 1:2000) for 2 h. Mem-
branes were washed 3 times with TBS (5 min each) and the immune
complexes were detected by using metal-enhanced DAB substrate kit,
as suggested by the supplier. Bands were digitally acquired and proc-
essed by using the Nonlinear Dynamics TotalLab software. Results
were normalized to the signals corresponding to the β-actin house-
keeping protein, and given as arbitrary units (AU). The experiments
were performed in triplicate.
2.4. ELISA-based detection of Aβ
We used a mAb-based ELISA kit for the quantitative determination
of Aβ in cortex homogenates (Scheuner et al., 1996). Brieﬂy, samples
were homogenated in 70% formic acid and centrifuged at 100,000 ×g
for 1 h at 4 °C. Supernatants were neutralized with 19 volumes of 1 M
Tris-base. 100 μL of samples or standard (pure β-amyloid-42, range
0–50 pmol/L) were loaded in quadruplicate into a 96-well microplate
and incubated at 4 °C overnight. The microplate was washed three
times by using the Wash solution 1× provided by the kit. Wells
were incubated 1 h at 4 °C, in the presence of 100 μL of HRP-
conjugated Ab and, subsequently, washed three times withWash so-
lution 1, as suggested by the manufacturer. Wells were incubated
with 100 μL of TMB substrate (included in the kit) for 30 min at
room temperature in the dark. The Stop solution was added and
the microplate was kept for 20 s on an orbital shaker (50 rpm), in
order to ensure adequate mixing. The plate was read at 450 nm in a
Victor3 ELISA reader (Applied Biosystems — Life Technologies,Carlsbad, CA, USA) and all the calculations were carried out as sug-
gested by the manufacturer.
2.5. Statistical analysis
Statistical analyses were performed by using Statsoft Statistica 7 and
SyStat SigmaStat v3.5. Results were given as means ± standard devia-
tions. All dependent variableswere processed by two-way ANOVA anal-
ysis. Post-hoc Newman–Keuls tests were used when appropriate. The
null hypothesis was rejected with P b 0.05.
3. Results
3.1. NGF and Aβ pathway: effects of age and long-term exercise
The transition from 12 to 14 months of age induced a signiﬁcant de-
crease in NGF expression (Fig. 2A, P b 0.01, S4 vs S2) and a marked in-
crease in TrkA activation (Fig. 2B, P b 0.01, S4 vs S2). Four-month
running did not affect NGF expression, with respect to age-matched
mice (Fig. 2A, E4 vs S4). However, the four-month running totally
reverted the age-dependent increase in pTrkA expression (Fig. 2B,
P b 0.01, E4 vs S4), while two-month running strongly decreased
NGF levels (Fig. 2A, P b 0.001, E2 vs S2) but did not affect signiﬁcant-
ly pTrkA amounts (Fig. 2B).
A signiﬁcant increase in the APP protein level occurred after the
transition from 12 to 14 months of age (Fig. 3A, P b 0.01, S4 vs S2),
whereas no age-induced change in PS1 expression was detected
(Fig. 3B, S4 vs S2). Aβ level increased signiﬁcantly with aging (Fig. 3C,
P b 0.001, S4 vs S2).
Interestingly, PS1 protein level was signiﬁcantly reduced after four-
month regular running, with respect to age-matched animals (Fig. 3B,
P b 0.001, E4 vs S4), while no effect of four-month exercise was found
on APP level (Fig. 3A, E4 vs S4). Coherently, the four-month exercise
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Fig. 2. NGF-dependent signaling in brain cortices of mice after a long-term moderate
treadmill running. Western immunoblot against the nerve growth factor (NGF) (panel
A) and its phosphorylated high afﬁnity tyrosinekinase B receptor (pTrkB) (panel B) in
brain cortices of middle-aged CD1 female mice after two- or four-month moderate and
regular treadmill-based exercise program (E2 or E4, respectively); age-matched sedentary
animals (S2, S4) were used as controls (n = 6 per group). Immunosignals were normal-
ized against the housekeeping protein β-actin. Representative Western immunoblots of
four independent experiments were reported. Values were given as means ± std. dev.
and the level of statistical signiﬁcance was computed by using two-way ANOVA and
post-hoc Newman–Keuls test: *P b 0.05; **P b 0.01; ***P b 0.001.
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Fig. 3. Amyloidogenic pathway in brain cortices of mice after a long-term moderate
treadmill running. Western immunoblot against the beta amyloid precursor (APP)
60 S. Di Loreto et al. / Experimental Gerontology 57 (2014) 57–65regimen signiﬁcantly reduced the age-related increase of Aβ (Fig. 3C,
P b 0.001, E4 vs S4). On the contrary, the two-month running pro-
tocol caused a conspicuous increase in both APP (P b 0.001) and
PS1 (P b 0.01) proteins, in comparisonwith the age-matched sedentary
mice (Fig. 3A and B) (E2 vs S2). However, no change in Aβ level was
found after two-month running,with respect to age-matched sedentary
rodents (Fig. 3C, E2 vs S2).(panel A) and presenilin 1 (PS1) (panel B), and ELISA-based determination of Aβ1-42
(panel C) in brain cortices ofmiddle-aged CD1 femalemice after two- or four-monthmod-
erate and regular treadmill-based exercise program (E2 or E4, respectively); age-matched
sedentary animals (S2, S4) were used as controls (n= 6 per group). Immunosignals were
normalized against the housekeeping protein β-actin and representative Western immuno-
blots of four independent experimentswere reported in panels A andB. Valueswere given as
means ± std. dev. and the level of statistical signiﬁcance was computed by using two-way
ANOVA and post-hoc Newman–Keuls test: *P b 0.05; **P b 0.01; ***P b 0.001.3.2. SIRT3 expression: effects of age and long-term exercise
We found that SIRT3 protein expression declinedmarkedlywith age
(P b 0.001, S4 vs S2) (Fig. 4). The four-month running protocol inhibited
the age-related down-regulation of SIRT3 (P b 0.001, E4 vs S4), whereas
an opposite effect was observed in two-month exercised mice, which
showed a signiﬁcant decrease of SIRT3 protein level, with respect to
age-matched non-exercised rodents (P b 0.001, E2 vs S2) (Fig. 4).3.3. proBDNF pathway: effects of age and long-term exercise
The protein level of sortilin wasmarkedly increased after the transi-
tion from 12 to 14 months of age (Fig. 5A, P b 0.01, S4 vs S2), whilep75NTR and proBDNF expressions were not signiﬁcantly affected by
age (Fig. 5B and C) (S4 vs S2).
The levels of both sortilin and p75NTR decreased after four-month
running (Fig. 5A and B) (P b 0.05 for both proteins, E4 vs S4), whereas
proBDNF level showed a decreasing trend even if not statistically signif-
icant (Fig. 5C, E4 vs S4), with respect to age-matched sedentary rodents.
Interestingly, the two-month running program signiﬁcantly increased
both sortilin (P b 0.01) and proBDNF (P b 0.001) protein expression
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Fig. 4. SIRT3-dependent neuroprotection in brain cortices of mice after a long-term mod-
erate treadmill running.Western immunoblot against themitochondrial sirtuin 3 (SIRT3)
in brain cortices of middle-aged CD1 female mice after two- or four-month moderate and
regular treadmill-based exercise program (E2 or E4, respectively); age-matched sedentary
animals (S2, S4) were used as controls (n = 6 per group). Immunosignals were normal-
ized against the housekeeping protein β-actin. Representative Western immunoblots of
four independent experiments were reported. Values were given as means ± std. dev.
and the level of statistical signiﬁcance was computed by using two-way ANOVA and
post-hoc Newman–Keuls test: *P b 0.05; **P b 0.01; ***P b 0.001.
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Fig. 5. proBDNF-dependent signaling in brain cortices of mice after a long-term moderate
treadmill running. Western immunoblot against the sortilin co-receptor (panel A), p75NTR
(panel B) and proBDNF (panel C) in brain cortices of middle-aged CD1 female mice after
two- or four-month moderate and regular treadmill-based exercise program (E2 or E4, re-
spectively); age-matched sedentary animals (S2, S4) were used as controls (n = 6 per
group). Immunosignals were normalized against the housekeeping protein β-actin. Repre-
sentative Western immunoblots of four independent experiments were reported. Values
were given as means ± std. dev. and the level of statistical signiﬁcance was computed by
using two-wayANOVAandpost-hocNewman–Keuls test: *Pb 0.05; **Pb 0.01; ***P b 0.001.
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affect signiﬁcantly the p75NTR level (Fig. 5B, E2 vs S2).
3.4. pSyn-Ia expression: effects of age and long-term exercise
A signiﬁcant age-dependent reduction of the phospho-synapsin-Ia
was detected (Fig. 6) (P b 0.001, S4 vs S2). The four-month exercise reg-
imen totally reverted the age-related decrease of pSyn-Ia protein ex-
pression (P b 0.001, E4 vs S4), whereas two-month exercised mice
exhibited unchanged levels of pSyn-Ia, with respect to age-matched
sedentary subjects (Fig. 6) (E2 vs S2).
4. Discussion
Age-related brain dysfunctions and cognitive impairments are
among the most emerging concerns in Western Countries. Lifestyle-
based interventions are known to promote successful aging andpreserve
homeostasis in the CNS (Arslan-Ergul et al., 2013; Camiletti-Moirón et al.,
2013). We previously demonstrated that a long-term and moderate
treadmill running regimen, even when initiated at the onset of the mid-
dle age, positively affected key antioxidant and detoxiﬁcation enzymatic
systems, and improved both molecular damage proﬁles and BDNF ex-
pression within mice brains (Falone et al., 2012a, 2012b). In this study,
we explored the possible exercise-induced changes in the expression
of proteins mostly involved in synaptic plasticity and in cognitive activi-
ty. Unlike what we found for BDNF (Falone et al., 2012a), the long-term
exercise failed to rescue the age-related decrease of NGF (Fig. 2A), and
the NGF-dependent signaling pathway showed a peculiar proﬁle in sed-
entary mice, with an up-regulation of the phosphorylated receptor
(pTrkA), despite the age-related reduction of the level of its speciﬁc li-
gand NGF (Fig. 2A and B). Interestingly, in non-exercised mice we also
found a very signiﬁcant age-dependent increase in Aβ protein (Fig. 3C).
This change was accompanied by a parallel elevation of APP level
(Fig. 3A), but not by a signiﬁcant modiﬁcation of PS1 protein expression
(Fig. 3B). APP and PS1 may form a complex in vivo, and PS1 is necessary
for the production of Aβ fromAPP (Xia et al., 1997). Therefore, it could be
argued that APP availabilitymight be the limiting factor in Aβproduction
and that its increase could be fundamental for the age-dependent Aβ el-
evation that we observed. In this context, it is important to note that the
interruption of NGF signaling in neurons is linked to the activation of theamyloidogenic pathway (Matrone et al., 2009). According to the same
researchers, NGF deprivation is also linked to NGF-independent phos-
phorylation of TrkA, which results much higher than that observed in
the presence of NGF. On this basis, it could be speculated that the dereg-
ulation of NGF/TrkA signaling we observed in sedentary mice might be
involved in the amyloidogenic pathway, thus promoting Aβ formation.
Interestingly, the four-month exercise program induced a surprising
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Fig. 6. phospho-synapsin-Ia in brain cortices of mice after a long-term moderate treadmill
running. Western immunoblot against the phospho-synapsin-Ia in brain cortices of
middle-aged CD1 female mice after two- or four-month moderate and regular treadmill-
based exercise program (E2 or E4, respectively); age-matched sedentary animals (S2, S4)
wereused as controls (n=6per group). Immunosignalswerenormalized against thehouse-
keeping protein β-actin. Representative Western immunoblots of four independent experi-
ments were reported. Values were given as means ± std. dev. and the level of statistical
signiﬁcance was computed by using two-way ANOVA and post-hoc Newman–Keuls test:
*P b 0.05; **P b 0.01; ***P b 0.001.
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matched sedentary controls. Furthermore, PS1 expression resulted sig-
niﬁcantly decreased in four-month-exercised mice (Fig. 3B), whereas
APP level remained unchanged (Fig. 3A). Therefore, the beneﬁcial effect
of long-term exercise on cortical Aβ production could be related to a
strong depressing effect on the activity of themolecular complex respon-
sible for the gamma-secretase-mediated cleavage of APP. However, it
cannot be ruled out that the strong inhibiting effect induced by 4-mo
running on the age-related TrkA over-activation (Fig. 2A and B) could
also contribute to the decrease in Aβ production that we observed. In
fact, as already discussed, some authors have found a link between
NGF-independent TrkA phosphorylation and increased amyloidogenesis
(Matrone et al., 2009). It is worthy of note that the exercise-dependent
reduction of Aβ levels we detected in this study could partially explain
the improvement of oxidative damage proﬁle in the cortex of mice
undergoing the same exercise protocol that we previously reported
(Falone et al., 2012a), which was in line with other studies (Cechetti
et al., 2008, 2012; Leite et al., 2012). Indeed, it is well known that the
major detrimental cellular effects of Aβ are crucially mediated by ROS
over-production (Khandelwal et al., 2011; Yan et al., 2013). To our
knowledge, this is the ﬁrst report describing that a late-life enforced pro-
gram of long-term moderate exercise affects Aβ-related molecular end-
points within the mouse brain cortex. We strongly believe that these
ﬁndings may deserve further attention due to their potential relevance
in the prevention of age-related neurodegenerations.
It is broadly accepted that precursors and mature forms of
neurotrophins (NTs) have distinct and often opposing activities, and
the efﬁciency of neurotrophic pathways is also highly dependent on
the ratio of pro- to mature peptides and on the presence of p75NTR
and co-receptor sortilin (Friedman, 2010 Sun et al., 2012). Moreover,
precursors and mature forms may differentially affect cognitive func-
tions. In support of this, proBDNF has been shown to evoke long-term
depression and synaptic retraction in the hippocampus, whereas ma-
ture BDNF has been demonstrated to mediate synaptic strengthening
and consolidation by the induction of long-term potentiation (LTP)
(Egashira et al., 2010). Therefore, an imbalance between these two
forms and the processes underlying the release or the enzymatic
conversion of pro- to mature NT forms are considered critical factors
for the onset and progression of some neurological disorders. In thiscontext, the pivotal role of sortilin co-receptor should also be taken
into account (Nykjaer and Willnow, 2012; Skeldal et al., 2012).
By comparing S2 and S4 brain cortices, we found a signiﬁcant differ-
ence in the expression of sortilin, whereas the age progression did not
change signiﬁcantly p75NTR or proBDNF protein levels (Fig. 5A, B and
C, respectively). As already reported, our study evidenced an age-
dependent increase in the activity of the amyloidogenic pathway, and
this can explain, at least in part, the elevation of sortilin. Indeed, accord-
ing to Saadipour et al. (2013), human AD brains and brains of 6-mo old
APPswe/PS1dE9 transgenic mice exhibit higher sortilin expression
levels than those detected in age-matched normal brains of humans
and wild-type mice. In addition, as established by the same authors,
SH-SY5Y cells treated with different concentrations of Aβ42 oligomers
showed a strong up-regulation of sortilin (Saadipour et al., 2013). For
the ﬁrst time, we observed that the four-month enforced andmoderate
running program induced a signiﬁcant decrease of sortilin protein level
(Fig. 5A). Given the already discussed link between sortilin and
amyloidogenesis, this could be partially due to the exercise-induced re-
duction in Aβ42 levels. The sortilin-p75NTR complex is known to medi-
ate cell death processes through the binding to the pro-domain of
proneurotrophins (Jansen et al., 2007), and the molecular complex be-
tween sortilin and p75NTR has been established to regulate synapse
elimination and axonal retraction (Singh et al., 2008). It is worthy of
note that several age-dependent cognitive declines have been reported
during the transition through the biological timeperiodwe investigated
here (Fouquet et al., 2011), therefore this age range appeared as an ad-
equate time window to study exercise-dependent effects within the
mouse CNS. Indeed, as detected for other markers of cerebral function,
our results revealed an imbalance in proBDNF-sortilin-p75NTR-related
intracellular signaling occurring as the animals aged in absence of exer-
cise. For the ﬁrst time to our knowledge, our results suggested that a
middle age-initiated regular running regimenmay still be able to coun-
teract themolecular processes responsible for the formation of the com-
plex p75NTR-sortilin-proBDNF and the possible consequent age-related
cognitive impairment.
Synapsin is an effector in synaptogenesis and plasticity (Vara
et al., 2009). Other authors established that at 12–14 months of
age, a normal expression of pSyn-I was crucial for preserving mouse
object-recognition memory from age-dependent cognitive decline
(Corradi et al., 2008). In our study, a signiﬁcant age-dependent decrease
in synapsin Ia phosphorylation was observed within the brain cortex of
sedentarymice (Fig. 6), thus supporting data provided by other authors
who found a strong age-dependent decrease of synapsin I protein levels
in rodents (Sharma et al., 2010). Again, this age range appeared as a
very useful time period to study the possible exercise-dependent effects
within a mouse CNS exhibiting early signs of age-related impairments.
Interestingly, the four-month running protocol partially inhibited such
an age-dependent reduction of pSyn-Ia (Fig. 6), thus suggesting that
an enforced and moderate running regimen, even when initiated in
midlife, could still counteract the likely deleterious effects of age on syn-
aptogenesis and plasticity. As appropriate BDNF levels are thought to be
needed in order to modulate synapsin I phosphorylation (Jovanovic
et al., 1996), our previous ﬁndings regarding a signiﬁcantly reduced
BDNF expression within the cortex of middle aged mice (Falone et al.,
2012a) are quite coherent with the results we are presenting here.
Sirtuinsmediate some anti-aging effects of caloric restriction, fasting
and exercise in several organs (Kincaid and Bossy-Wetzel, 2013). Partic-
ular interest is raising around SIRT3, as mitochondrial sirtuins are
thought to play key roles in preserving cells frommajor age-related im-
pairments in oxidative and energy dysfunctions (Duan, 2013). SIRT3
over-expression has been shown to increase neuronal lifespan (Weir
et al., 2012) and to protect neurons against excitotoxic injury (Kim
et al., 2011). These effects seem to be due to the SIRT3-mediated im-
provement of the mitochondrial function and to the reduction of ROS-
dependent oxidative damage (Tseng et al., 2013). In this study, we
have shown a strong age-dependent decrease in SIRT3 expression
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programwas able to prevent the age-related reduction in SIRT3 protein
level (Fig. 4). So far, few researchers have investigated the effects of
aging and exercise on SIRT3 expression. Lanza et al. (2008) demonstrat-
ed that regular cycling or running prevented the age-related reduction
of SIRT3 protein expression in human muscles. Conversely, Koltai et al.
(2011) found no exercise-dependent effect on SIRT3 protein levels
within the rodent CNS. These results are not in accordance with ours
and this could be due to the different animal models, ages and exercise
protocols used. In particular, Koltai et al. (2011) studied hippocampal
formations of very old Wistar rats (26 months) and after a long-term
running protocol. Therefore, the lack of exercise-dependent responses
on SIRT3 expression in Koltai and co-workers' study could be due to
the fact that the hippocampal milieu of 26-mo old rats could be too
compromised to respond adaptively to a chronic and severe stressor
(6-wk running regimen). In fact, the progressive dysfunction of regula-
tory mechanisms is thought to be crucially linked to the aged pheno-
type, and this could reduce the responsivity of the major homeostatic
systems (Ferrucci et al., 2010).
To the best of our knowledge, our results indicated for the ﬁrst time
an age-dependent reduction of SIRT3 levels in brain cortices of middle
aged mice. In addition, we have also demonstrated for the ﬁrst time
that a four-month moderate running regimen can still revert the age-
related decline in SIRT3 levels, even when the exercise protocol is initi-
ated lately in life. Taking into account the SIRT3-dependent enhance-
ment of antioxidant defenses, this result is in strong accordance with
our previous observation of an improved redox and antioxidant status
within mouse brain cortices following a long-term running regimen
(Falone et al., 2012a).
Taken together, our ﬁndings suggest that a four-month moderate
exercise program is able to trigger multiple responses within the
mouse brain cortex through the activation of anti-amyloidogenic
(Fig. 3), pro-survival (Fig. 5), synaptogenic (Fig. 6) and neuroprotective
(Fig. 4) pathways, evenwhen the exercise regimen is initiated inmidlife
(see the synopsis in Fig. 7).
However, in our studywe found thatmost of the beneﬁcial actions of
the exercise regimen appeared only after fourmonths. This could bedue
to the fact that the regular running protocol was initiated at the onset of
the middle age, that is a biological period in which some initial biomo-
lecular and functional impairments are known to occur within mice
brains (Aguiar et al., 2011; Fouquet et al., 2011). In particular, our results
suggest the details of a possible adaptive response occurring in brain
cortices, in which the two APP-related pathways are co-regulated
simultaneously. Normally, the majority of the cellular APP pool is proc-
essed through the non-amyloidogenic pathway by an α-secretase
cleavage resulting in release of soluble APPα (sAPPα) to the extracellu-
lar space. In 2-moexercisedmicewe observed a conspicuous increase insedentary aging
4-mo running
4-mo running
Fig. 7. Synoptic diagram showing themain effects of a lately-initiated 4-momoderate run-
ning program on amyloidogenic, synaptogenic and neuroprotective pathways within the
mouse brain cortex.both APP and PS1 protein expression, as well as a relevant increase in
sortilin receptor (Figs. 3A, B and 5A, respectively). In addition, 2-mo
exercisedmice exhibited low cortical levels of NGF (Fig. 2A). In neurons,
sortilin is known to induce the production of sAPPα, which suggests that
sortilin promotes α-secretase activity in neuronal systems (Gustafsen
et al., 2013). Some researchers have established that NGF-deprived mice
exhibit increased APP processing (Araki and Wurtman, 1998; Capsoni
et al., 2013; Matrone et al., 2008). In addition, other researchers
have identiﬁed a peculiar role of NGF deprivation in regulating
neurodegeneration-related pathways throughAPP cleavage and release
of tumor necrosis factor (TNF)-like endogenous agonists (Nikolaev
et al., 2009). Hence, on one hand, 2-mo running induced a decline in
NGF support, thus favoring APP processing towards neurodegenerative
events. On the other hand, we think that the sortilin-mediated forma-
tion of non-toxic sAPPα tried to counterbalance the amyloidogenic
pathway and to prevent the production of toxic Aβ.
Our study also revealed an intriguing biphasic proﬁle in the SIRT3-
based response of brain cortex to the running regimen. In particular,
2-mo moderate exercise lowered SIRT3 protein levels in mouse brain
cortex (Fig. 4). This ﬁnding is very coherent with the observation of an
increased oxidative damage resulting from 2-mo exercise in the same
animal model (Falone et al., 2012a). In fact, as shown by Tseng et al.
(2013), SIRT3 can protect cells by improving the redox function and re-
ducing ROS-dependent oxidative damage. Other authors have clearly
established the key role of SIRT3 in protection against oxidative damage,
by demonstrating that Sirt3 knockout mice exhibited increased oxida-
tive stress in skeletal muscle (Jing et al., 2011). Therefore, the decline
we have observed here in SIRT3-dependent neuroprotection against ox-
idative stress can be easily associated with the higher protein carbonyl-
ation and lipid peroxidation detected in the brain cortices of CD-1 mice
after 2-mo treadmill running (Falone et al., 2012a).
Obviously, the transient worsening of the biomolecular neuropro-
tective milieu we revealed within the brain cortex of 2-mo exercised
mice should not be considered as a permanent imbalance. Indeed, our
ﬁndings highlight the importance of developing and maintaining mod-
erate and regular exercise habits for very long periods, especially when
the physical activity program is initiated at the onset of the middle age.
In this regard, temporary imbalances in homeostatic systems are known
to act as stressors throughwhich a prolonged physical exercise regimen
could activate long-lasting systemic and cellular hormetic responses in
mammals (Radak et al., 2008b; Ji et al., 2010).
In conclusion, our results suggest that in the mouse brain cortex an
enforced, moderate long-term running program initiated in the middle
age activates critical pro-survival and neuroprotective pathways, and
protects themouse CNS from age-related impairments in synaptic func-
tion and from amyloidogenic events. On the other hand, we have also
shown that moderate treadmill running requires a time lag to activate
compensative processes which are aimed at improving the patterns in-
vestigated. The lack of cognitive assessments represents a major limita-
tion of this paper. However, the aim of this work was to investigate
whether andhowmice brain cortexmolecular environment could be af-
fected by an enforced, moderate and regular lately-initiated running
regimen. Since we consider important to know if a moderate running
program of 2 and 4 months may reverse aging-dependent changes in
cognition-related behaviors, we are planning to investigate memory
and learning capacities in mice undergoing the same exercise regimen
that we have used in this study. Although we are aware of the limits
of our molecular investigation, we believe that our ﬁndings strongly
suggest that a four-month running protocol was still able to counteract
many biomolecular impairments occurringwithin themouse brain cor-
tex during the transition from adult to middle age. It should also be
noted that the brain aging process in a rodent may involve pathways
and processes more complex than those observed in the particular
time interval we explored in this study. However, this investigation
tried to shed new lights on the physiological responses and molecular
targets activated by regular and moderate physical exercise initiated
64 S. Di Loreto et al. / Experimental Gerontology 57 (2014) 57–65in the middle age, and strengthens the relevance of developing non-
pharmacological interventions aimed at modulating and retarding the
brain senescence process.
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